Radio frequency reflectometry and charge sensing of a precision placed
  donor in silicon by Hile, Samuel J. et al.
Radio frequency reflectometry and charge sensing of a precision placed donor
in silicon
Samuel J Hile,1, a) Matthew G House,1 Eldad Peretz,1 Jan Verduijn,1 Daniel Widmann,1 Takashi Kobayashi,1
Sven Rogge,1 and Michelle Y Simmons1, b)
Centre for Quantum Computation and Communication Technology (CQC2T),
School of Physics, University of New South Wales, Sydney 2052, Australia
We compare charge transitions on a deterministic single P donor in silicon using radio frequency reflectometry
measurements with a tunnel coupled reservoir and DC charge sensing using a capacitively coupled single
electron transistor (SET). By measuring the conductance through the SET and comparing this with the phase
shift of the reflected RF excitation from the reservoir, we can discriminate between charge transfer within
the SET channel and tunneling between the donor and reservoir. The RF measurement allows observation
of donor electron transitions at every charge degeneracy point in contrast to the SET conductance signal
where charge transitions are only observed at triple points. The tunnel coupled reservoir has the advantage
of a large effective lever arm (∼35%) allowing us to independently extract a neutral donor charging energy
∼62± 17meV. These results demonstrate that we can replace three terminal transistors by a single terminal
dispersive reservoir, promising for high bandwidth scalable donor control and readout.
Phosphorus donor nuclear spins in silicon1–3 provide an
excellent platform for quantum computation with coher-
ence times > 30 seconds, and single qubit gate fidelities
above 99.99% in isotopically purified silicon4. Interaction
with the nuclear spin occurs via the hyperfine interac-
tion with the donor electron spin bound by the donor
Coulomb potential. This bound electron represents a
spin qubit in its own right5,6, with coherence times > 0.5
seconds and gate fidelities above 99% in isotopically pure
silicon4. Measurement of single electron spin states has
to date largely relied on spin to charge conversion fol-
lowed by charge state readout through either a charge-
sensing single electron transistor (SET)7,8 or quantum
point contact (QPC)9. Both the SET and QPC nec-
essarily require source and drain contacts and typically
an additional gate to tune them to a sensitive operating
point for high fidelity spin readout. Compared to the
donor qubit such three-terminal read-out infrastructure
requires a significant amount of on-chip space. Thus de-
spite a viable path to scalable qubit architectures10, one
of the major challenges in scaling atomic-scale qubits is
integrating enough readout transistors into a large-scale
array of donor qubits where the donor separation may be
as small as 10-20nm10.
An alternate way to perform spin read-out is to use a
radio frequency SET (RF-SET). Here an AC voltage is
reflected off a resonant circuit which measures the AC
conductance of an SET channel, thus giving information
on the charge state of interest11. Whilst RF-SET reflec-
tometry still requires three terminals, it effectively filters
low frequency noise, such as charge noise and inductively
coupled current noise, producing charge sensitivities at
10–5e/
√
Hz with megahertz bandwidth in silicon11,12. A
recent evolution of this technique is the single terminal
dispersive gate sensor which instead monitors the AC
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impedance seen by a single gate13 or lead14 in the pres-
ence of nearby electron motion, which is now approaching
the sensitivity seen in RF-SETs15. Reflectometry tech-
niques have recently been applied to devices with ran-
domly implanted donors, providing information on the
location and coupling strength of the donor within the
nanostructure beyond that accessible with direct trans-
port techniques16,17.
In this paper we present RF characterisation of a pre-
cision placed single donor within a device where we can
directly compare charge sensing of the donor using an
SET with reflectometry using a single terminal that acts
as a combined electron reservoir, control gate and read-
out sensor. Such a device allows us to confirm the pres-
ence of the single donor with conventional charge sensing
and definitively distinguish this from other charge tran-
sitions within the device. A significant advantage of the
dispersive measurement is that it only requires a single
gate reservoir, allowing us to demonstrate the viability of
this technique to form a small-footprint, scalable readout
device for single donor electronics.
Figure 1(a) shows a scanning tunneling microscope
(STM) image of the device created by STM hydrogen
resist lithography. Bright areas indicate where hydrogen
atoms have been removed by the STM tip. We define
a 75nm2 donor based SET island placed ∼18.5nm away
from the donor such that they are capacitively coupled.
We can operate this SET as a DC charge-sensor18 or as
an RF-SET. The upper finger of the source terminal (S)
of the SET is also tunnel coupled to the single donor (po-
sitioned 11.5nm away) so that it can act as a dispersive
reservoir sensor. We will show later how we can indepen-
dently resolve the RF-SET signal and the dispersive sig-
nal despite sharing a single terminal and RF resonant cir-
cuit. The drain (D) lead completes the SET channel and
in-plane gates G1 and G2 tune the electrochemical po-
tentials of the SET and P donor respectively. Figure 1(b)
shows a close-up image of the lithographic mask for the
single donor site, where the bright area corresponds to 12
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FIG. 1. Device and circuit layout to compare charge
sensing with an SET and reflectometry using a reser-
voir of a single P donor in silicon. (a) An STM image
of the device, showing a hydrogen terminated silicon surface
where hydrogen atoms have been removed with an STM tip
to form the template for the creation of a single P donor
capacitively coupled to an SET and tunnel coupled to the
source reservoir. (b) STM image of the single donor incor-
poration site overlaid with the Si(2x1) surface atomic lat-
tice grid, showing four desorbed adjacent dimers (green) be-
fore dosing and (c) after PH3 dosing, showing two PH2 frag-
ments (blue). Red circles indicate single nonreactive dan-
gling bonds. (d) Amplitude and phase of the reflected sig-
nal around the LC resonance at 170.9MHz measured with
VSD = VG1 = VG2 = 0. (e) Schematic of the RF measure-
ment circuit, showing the applied RF signal injected through
a directional coupler, the STM device and resonant circuit
at mK, followed by amplifiers at the 3K stage and at room
temperature (A1, A2) and a quadrature detection circuit.
H atoms removed from a hydrogen terminated surface19.
After dosing this surface with phosphine, in Figure 1(c)
we see two PH2 features identifiable by their height pro-
file (∼180pm). Annealing at 350◦C causes one fragment
to leave the surface and the remaining PH2 fragment
transitions to an Si-P heterodimer20. The large exposed
areas of the silicon surface that define the SET, reser-
voir and gate electrodes are also phosphorus doped and
annealed, resulting in metallic conduction21 with a car-
rier density22 n2D = 2.5 × 1014cm–2. The planar device
is then encapsulated with 50nm of epitaxial silicon and
contacted with aluminium23. Based on the area of the
SET and the 2D doping density, we know that the SET
contains ∼185 P donors.
With the circuit24 shown in Figure 1(e) we measure
the reflection coefficient Γ = (Z – Z0)/(Z + Z0). Z is
the combined complex impedance of the STM device
and resonant circuit, and Z0 = 50Ω is the transmis-
sion line impedance. Figure 1(d) plots the measured re-
flected amplitude Vout = Vin |Γ| and phase φ (Γ) of the
resonant circuit against drive frequency with the device
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FIG. 2. Comparison of SET and dispersive charge
sensing of the donor. Charge stability map of the three
charge states of the donor comparing the (a) SET tunnel cur-
rent to the (b) phase of the reflected RF signal as a function
of the two gate voltages. The green line marked T is due
to an unintended charge trap. (c) Inset showing a pair of
donor-SET-reservoir triple points corresponding to the blue
box in (a), and schematic indicating voltage spans represent-
ing the mutual charging energy. (d) Schematic representation
of phase resonance curves during Coulomb blockade (solid
lines) and the responses (dashed lines) to both decreased RQ
from the SET (I) and increased CQ from the donor (II). For
each, the relative shifts in φ(Γ) expected for driving frequen-
cies above and below resonance are highlighted by arrows. (e)
Phase and (f) amplitude response during a gate sweep for a
range of drive frequencies around the resonance.
in Coulomb blockade, where its resistance is effectively
infinite. The inflection point of the phase response at
f0 = 1/
(
2pi
√
LC
)
= 170.9MHz is the LC resonance25
between the discrete chip inductor L = 1200nH and the
parasitic capacitance to ground CP. From this we de-
termine CP = 0.72pF and the resonator quality-factor,
Q = 46. In the experiment we fix the driving frequency
slightly above the resonant frequency, and observe varia-
tions in the phase and amplitude of the reflection coeffi-
cient as a result of changes to RQ and CQ. The applied
RF power at 172.0MHz is approximately –90dBm.
The charge stability map in Figure 2(a) measures the
DC current through the SET as a function of gate volt-
ages VG1 and VG2 at a fixed VSD = 2mV. Diagonal lines
of high current represent the Coulomb peaks of the SET,
separated by ∆VSET = 240± 3mV, corresponding to the
SET charging energy ESETC = 10.2 ± 0.5meV (measured
directly from the height of Coulomb diamonds in Figure
3). We identify two lines of discontinuities (blue dotted
lines) having similar slopes (4.2±0.3 and 4.4±0.3) associ-
ated with the donor D+ → D0 and D0 → D– transitions,
3separated by a distance ∆VP = 825± 3mV. There is an-
other discontinuity (green dashed line) which we discuss
later. Note that at zero gate voltage the donor is ionised
due to the electrostatic presence of the surrounding gate
electrodes, as seen in similar single donor devices26.
The offset of δVSET = 38 ± 3mV in the Coulomb
peaks due to these donor charging events, and of δVP =
20±3mV in the donor transition potential across an SET
charging line (as shown in Figure 2(c)) can be used to cal-
culate the mutual charging energy EM between the SET
and donor and the neutral donor charging energy EPC.
EM =
δVSET
∆VSET
ESETC = 1.6± 0.2meV
EPC =
∆VP
δVP
EM – 3EM = 61.7± 17meV
Across the voltage span ∆VP, three electrons are added
to the SET, hence the subtraction of three times the
mutual charging energy (3EM) to give the single donor
charging energy EPC = 61.7 ± 17meV. Despite the large
uncertainty (due to the small value of δVP) this charg-
ing energy is consistent with 45 ± 7meV obtained with
measurements of electron transport through an isolated
P donor26. The other discontinuity (green dashed line
marked T in Figure 2(a)) visible within the D0 charge
region is most likely due to the presence of an unin-
tended charge trap, such as a background dopant or sur-
face state. This trap gives rise to a discontinuity that has
a different slope (6.3 ± 0.3) to the donor in Figure 2(a)
and a much smaller mutual charging energy (∼0.5meV)
indicating that T is farther away from the SET than the
precision placed single donor. This entity may also influ-
ence the apparent EPC, giving a slightly larger value than
expected.
Figure 2(b) shows the change in the reflected RF
phase for the same gate-space at a driving frequency
of 172MHz. The response is sensitive to two differ-
ent types of AC charge motion, the first through the
SET and the second between the donor and the disper-
sive reservoir. Firstly, at the SET Coulomb peaks, AC
current flows through the SET in response to the AC
bias voltage. Since electrons dissipate energy in pass-
ing through the SET channel, this manifests as a finite
resistance due to the 2-stage quantum tunneling which
is not present when the SET is in Coulomb blockade27.
The presence of this parallel resistance damps the reso-
nant circuit, and since we drive the circuit at 172MHz,
above the natural resonance, translates to a positive shift
in the phase signal as per the green arrow in Figure
2(d)I. Secondly, along the donor transition lines marked
by the blue dotted lines in Figure 2(a), an AC cur-
rent also flows between the source terminal and the P
donor. This process occurs out of phase with the driv-
ing signal due to the fast tunnel rate between the donor
and reservoir and, in contrast to the response of the
SET, is non-dissipative. Instead this charge motion con-
tributes an added quantum capacitance to the resonant
circuit28,29, CQ = e
2
(
1 – αPS
)2
/4kBT lowering the reso-
nant frequency which generates a negative phase shift as
illustrated by the purple arrow in Figure 2(d)II, making
the donor transitions directly visible in the RF stability
maps. The observed phase offset of -0.5 degrees corre-
sponds to a CQ on the order of 1fF, consistent with the
above expression assuming an electron temperature of
∼200mK.
The phase response is dependent on the drive fre-
quency, as demonstrated in Figure 2(e), which plots
the relative phase φ, as a function of gate voltage VG2
(VG1 = 0). Figure 2(f) plots the corresponding change
in reflected amplitude Γ, normalized for each frequency.
Resistive damping through the SET channel absorbs en-
ergy resulting in a reduced amplitude across the respon-
sive frequency band, decreased phase angle when driven
below f0 and increased phase angle when driven above
resonance. The donor transition does not share this bi-
modal phase property, and being non-dissipative, does
not to first order affect the amplitude response. When
driven above f0, as in Figure 2(b), the phase response
clearly differentiates between dissipative charge motion
through the SET (green) and elastic charge motion be-
tween the donor and reservoir (purple). This contrast in
the phase signal provides additional evidence regarding
which type of feature is being sensed, a clear advantage
in mapping the gate space of more complex future de-
vices. Finally, it is important to note that the unintended
charge trap T, not being tunnel coupled to the source
reservoir, shows no phase response (in Figure 2(b)), and
thus we can be certain this feature is not related to the
intentional donor.
We can further examine the charge transitions of the
single donor in a Coulomb diamond scan. Figures 3(a, b)
show the differential conductance and reflected phase re-
sponse respectively as a function of bias VSD and donor-
gate voltage VG2 across the D
+ → D0, and Figures 3(c,
d) for the D0 → D– transitions. From the height of the
Coulomb diamonds we measure an SET charging energy
of ESETC = 10.2± 1.0meV, with a lever arm coupling G2
to the SET of ∼4%.
The positive slope of the donor transition lines in Fig-
ure 3 provides confirmation that the donor is tunnel cou-
pled to the source. Purely capacitive coupling would
result in a negative slope, given by the ratio of donor
lever-arms –αPS/αG2, as one gate effectively acts to op-
pose the other to keep the electrochemical potential con-
stant. An increase in source voltage not only electro-
statically lowers the donor transition potential, but also
directly lowers the Fermi level of the source, and by a
greater amount. Therefore the overall response to an
increase in VS is an increase in donor transition poten-
tial relative to its Fermi reservoir - directly in the oppo-
site sense to a purely capacitive gate. Importantly, the
tunnel coupled reservoir provides a very large effective
lever arm of
(
1 – αPS
)
= ∼35%, compared to typical val-
ues of ∼10% for planar capacitive gates in donor-defined
nanostructures18,26. Theoretically such a large lever arm
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FIG. 3. Examination of Coulomb diamond plots at
the D+ → D0 and D0 → D– donor transitions. Compar-
ison of (a) DC SET conductance dISD/dVSD, and (b) reflected
phase shift signals at VG1 = 100mV showing the D
+ → D0
transition and (c,d) similar plots for the D0 → D– transi-
tion. (e) Energy level diagrams for the 4 points marked in
(b). Blue lines indicate electrochemical potentials of the SET
when the donor is unoccupied (D+), red lines indicate the
electrochemical potentials of the SET when the donor is oc-
cupied (D0), where the potential is increased by the mutual
charging energy. Likewise, the green line for the donor rep-
resents the electrochemical potential of the donor with an
additional electron on the SET.
would allow the three single donor charge states to be
accessible within a voltage range of <250mV. Such a
large lever arm in an independent tunnel-coupled reser-
voir will present opportunities to deplete multi-donor
clusters to their last electron, granting naturally detuned
spin resonances8 and longer T1 relaxation times
30.
If we now consider the electronic configuration at four
different source-drain bias points, shown schematically
in Figure 3(e), along the donor transition line marked in
Figure 3(b) we can understand the difference in response
between the SET conductance and reflected phase re-
sponse of the dispersive circuit. At position 1, in the cen-
tre of the Coulomb diamond, there is no source-drain bias
and all SET transport is blockaded with an occupancy of
N electrons. Here the donor D+ → D0 transition is reso-
nant with the source Fermi energy so tunneling is allowed
on and off the donor, giving additional capacitance and
hence a negative phase response at this point in Figure
3(b), but no conductance response through the SET in
Figure 3(a). At position 2, the SET N ↔ N + 1 poten-
tial comes into resonance with the drain and current can
flow through the SET, but only if the donor is in the
D+ state. Should the donor accept an electron, then the
SET energy levels move up by the mutual charging en-
ergy (red) and current cannot flow until the donor bound
electron tunnels away. This point defines the onset of DC
transport when the donor is unoccupied. Therefore, in
the region between positions 2 and 3, the conductance is
non-zero only on the D+ side of the donor transition.
At position 3, there is enough source-drain bias that
the electrochemical potential of the N ↔ N + 1 transi-
tion, in both the ionized (blue) and occupied (red) donor
configurations, is within the bias window. As a conse-
quence tunneling through the SET is allowed for both
D+ and D0 donor states. Here, tunneling to the donor
is however partially suppressed in the presence of SET
transport because the potential of the donor-source res-
onance is shifted up and down by EM when there are
respectively N + 1 and N electrons occupying the SET.
The result is that we do not observe a discrete jump in
this resonance outside the Coulomb diamond but instead
a gradual shift. This shift appears as an altered slope of
the donor transition outside the Coulomb diamond, as
highlighted by the guide-line overlaid on Figure 3(a,b),
suggesting that the time averaged charge occupation of
the SET is non-integer and varies with bias. At position
4 the N – 1 ↔ N SET resonance, conditional on occu-
pation of the D0 state, is aligned with the drain Fermi
energy. Here blockade is initially lifted on the D0 side.
With increasingly negative VSD, AC charge motion is
again suppressed, as the SET spends some time in both
the N – 1 and N electron state, again producing an ap-
parent change in slope. With a thorough understanding
of the exact device geometry due to the precise nature
of STM lithography, we are able to interpret dissipative
and non-dissipative RF response mechanisms, even ap-
pearing simultaneously in the high bias regime of Figure
3.
We have demonstrated complimentary charge sensing
methods in a deterministic single donor device fabricated
at the atomic scale by STM hydrogen resist lithography.
DC charge sensing with a capacitively coupled SET pro-
vides an indirect readout of the donor charge state, only
visible at a discrete number of charge triple-points. In
contrast, RF reflectometry provides fundamentally more
information based on the quantum tunneling capacitance
and resistance that accompanies lossless and dissipative
AC charge motion. We have shown that a single termi-
nal can function as electron reservoir, gate and dispersive
sensor. In a truly single-terminal device there will be no
dissipative channel such as we see in this SET, however
AC tunneling can occur in the inelastic regime if the tun-
nel rate between the entity being sensed and the reservoir
is on the order of the drive frequency. As such, the tech-
nique has potential to probe the tunnel coupling strength
between donors or other electrically isolated structures.
In this device, additional information from the tunnel
coupled dispersive reservoir allows us to distinguish be-
tween the deliberately placed donor and a nearby trap
and also allows observation of donor charge transitions at
all degenerate points in the gate-space, not just at specific
triple-points. These considerations, as well as the small
5footprint of the dispersive reservoir charge-sensor, make
it a promising tool for scalable charge and spin readout
in atomic scale donor based systems.
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